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Abstract 


The second summer of the Ordnance Encineering, Guided 
Missiles, curriculum at the Naval Postgraduate School is 
devoted to an Industrial Experience Tour. fhe author was 
privilesed to spend this period with the Lockheed lissiles 
end Space Division participating in the cevelonment of an 
inverter power supply for space satellites. Coordine«tion 
of the tour and security clearance were handled by the 
office of the Naval Inspector of Ordnance, Sunnyvale, 
California. 

Within the Communications Research fechnigues Depart- 
ment, a team of five Lockheed engineers was issigned to 
this project. It was to this team that the author was at- 
veched. Preliminary investigation of the problem had al- 
re:dy bepun on one June when the tour commenced. At the 
time of this writing the inverter is nearing readiness 
for production. 

The requirement was for @ compact, lightweisht in- 
verter of esceptionul efficiency end reliability. fhe 
primary power source may be @ co vei.tional storage battery 
or, eventually, solar or fuel cells. 

Unusual specicicatlions ard design features include: 
(a! Invout de voltase ranve from 42 to 30 venee (b) Min- 
imum efficiency and power fi.ctor 85% end ¢.8, respectively, 
Over an outpul range of oC bo OCU witts of three=vhiuse 


sower. (c} Out out voltage regulation within one percent 


ji 





of 115 volts. (d) Freyency st.bility within 0.02% of 
400 cycles per second. (e) Naximum five per cent distor-~ 
tion as compcred to a pure sine wave. (f) Use of a recent~ 
ly announced solid state device, the Silicon Controlled~ 
tectifier, for rapid switching of substantial currents. 
(7+) Synthesis of the desired sine wave by dicitel lovic 
techniques. (h)} GQutput voltage relation by pulse width 
modulation. {i} Complete short-circuit protection. 
Appreciation is expressed for the ,uidance ai.  ssist=- 
ance vrovided by Dr.C.nrothauve of the Postoraduate Schools 
also, Dr. ttuehlner, Mr. Stewert, Vr. Kearns and Mr. Big -er= 


staff, all of the Lockheed Corporation. 
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Introduction 


In @ satellite currently under develonment, the require- 
ment for repeated starting of severol three-phase hysteresis 
synchronous motors, where only low voltage, direct current 
power was available, indicated the necessity for design of a 
sneciel inverter power supply. Several more conventional 
items of single and three—phase load are also to be suppvort= 
ed by this supply. 

The primary source of power will probably eventually be 
solar or fuel cells, or some advanced form of storage battery. 
The voltage of the source may be expected to vary between 22 
ond 30 volts, but 28 volts will be considered nominal. 

Reyuired power outnut also has «a wide ranges; dG to 5C0 
watts. Voltage and frequency reguletion are to be relutively 
close; 1% from 115 volts and .02% from 100 cycles, re- 
spectively. Efficiency and reliability must be exceptionally 
high. Environmental conditions of shock, vibration, tempera~- 
ture, etc. are definitely more severe than in usual land in- 
stellations. 

The apyroach to the design problem was made via analysis 
of existing inverters, study of digital logic technijves for 
voltaze regulation, and investigction of Silicon Controlled- 


Nectifier char«cteristics for use as nvower switches. 
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Analysis of a Typical Existing Inverter 
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Fig. 1 Block Diagram of a Typical Existing Inverter 
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In this comercielly available inverter, a sine wave is 
generated by a crystal controlled oscillator, or ‘clock’. 
From this wave are peneiaena three~phase square w.ves by 
means of counting down, phase splitting, and wave squaring, 
These square waves are amplified in drivers and power tran- 
sistor output switches. Filters, of which the output trans- 
former secondary may be @ part, remove the harmonics to vro- 
vide sine wave power. Output voltazve is compared with ao 
zener diode reference and used to control the d.c. resula- 
tor by on-off time-modulation of the germanium power tran- 


sistors therein, 





Considerable power is lost in this system; major sources 
of loss are the D. C. regulator, driver stage, and outout 


fylters. 


« e 


D. €. regulator loss is due to the relctively heavy cur- 
rents flowing in the germanium transistors, even though their 
forward resistance when operating in the 'switching' mode is 
low. 

Driver stiges also operate in @ switching mode as the 
square wave input drives them eltern:tely from cutoff to 
saturation. Both the power loss within the drivers and their 
nower output, which is dissipated eas the base drive for the 
oubtout stuges, ere significent; particularly when considering 
efficiency at minimum loads. 

Output filter loss is due lergely to the ap-rorimate 20% 
harmonic content:‘of the squore waveforir. 

An example of this type of inverter wes procvred aid 


tested for efficiency. Losses in tie virious sections when 





operited at 25% of its 200 watt rating were: 
Section of Inverter Watts loss 
Count Down i ~ 
Voltage Sensing 1.8 
Resulators Pee 
Drivers 363 
Power Staves and filters 14.5 
Total Zu 


Heuce efficiency (Y? ) Lo..d e 66% 
Load + Losses 7: .8 


This is in striking contrast with (re 85ic et ficiency speci- 


fied for the proposed system. 





As & o.oint of departure, this inverter nevertheless 
includes several features co:sidered essential. For accur- 
ate frequency and interphase relation control, a precision 
oscillator running at at least three times the output fre-™ 
quency is required. Therefore, @ crystal oscillator will 
be used. Practical cr,;stel oscillators nave a vuch higher 
freque:.cy than theabove minimum (120C cycles in a 4°0 cycle 
aa kene so that some countdown system must be used. 

Filters will continue to be necessary for anything less 
than a pure sine wave form delivered at the secondary of the 
outout transformer. As this is impractical, some forn of 
sine wave synthesis having a lower harmonic content than the 
simple square wave but attainable by relatively simple cir= 
cuitry is indicated. Neturally, the filter used must be 
designed for maximum efficiency. | 

fhe current-switching function, performed by germanium 
power transistors here, can be handled with much less drive 
power by the newly announced Silicon Controlled-Rectifier; 

a four layer, solidestate device having characteristics 
sonewhat similar to a thyretron¢ 

Finally, it appears that some other means of voltage 
re:ulation than a series method operating on the input dc 
supply will be necessary. Since digital logic is conten- 
plated for synthesizing the desired sine weve as a series 
of steps, width modulation of the top stey, (thus varying 
effective voltage) seems ettractive. It is contemplated 
thet output voltage variations due to varying supply volt= 


ave, or varying load, cen be compensated for by this method. 
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Disital- Logic for Synthesizing a Sine Wave 


Via Step Functions 


Application notes provided by the manufacturer indicate 
that the Silicon Controlled-—Nectifier can be turned on and 
off via short pulses in proper time se:wence. Thus we are 
naturally led to digital logic teclmiques. 

fhe first sinusoid synthesis analyzed was @ twelve step 


waveforri as shown in fig. 2656 





rig. 2 twelve Step Synthesis of a2 Sine Wave 


Step amniitudes of 25'0, 70%, and 100% of maximum current 
are to be attained by six Silicon Controlled-Rectifiers 
(SCR's) and tops on a transformer primary. Each step is 
to have a duration of some multiple of one=twelfth cycle 
exceps that the width of the toy and bociton sceps should be 


variable, i.e. tnat simes three, five, nine, and eleven can be 


advanced or retarded as shown. The extremes of such varia- 


q 





tion ere the cases where there is no 76% step and where 
there is ho 100% step. 

A Fourier analysis of this waveform for the unmodulated 
case (top step has duration of one sixth ¢yclc) was perform 
ed. fhis analysis was commenced at the center of the top 
step and extended only through one-fourth cycle due to sym 


metry. Only odd harmonics will be present as £ ox) =-fcx+ 9), 
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Percent of Py in r - SS = aoe ay 97. 97% 





telative powers in each odd harmonic up to the 15th 
were computed to determine the nature of the filtering 
problem and are tabulated herewith. Corresponding values 


for a square wave are included for comparison. 


n *%% ies A,nrms (Anrms)* %Pr % Pe (5) 
al 5 eee 1.¢6500 tlie 86004 aires $1 

3 0424 .02120 “0119  -.00i2. 0435 8.9 

5 AS » 0254 0018 .0000032 6006 ee 

i 2182 -.0°182 <.0°18 .Cc00C017 (008 Laced 

9 -142 -.00710 -. 95 2h CH2S es 1 

11 SL EG -.C915G =-.0647 .' C42 ~8106 61 

13 098 ~07740 F0S4" (25008 Psat 48 


15 0035 00°45 0 OG3 o CONGO oCO1T 236 


It is noted that the only sisnificent harmonics are the 
lith and 13th and care easily filterable. 
Similar analyses were verformed for the extreme width 


nodulation cases: 
Max. ‘Yidth (no 70% step) Min. Width (mo 100% step) 
Zz 
An Antms (Anrms| yl 


0815 0075 =. 532 95.56 


+S) 

e007 t=. Ulo 6CLGG 1.613 
0 
0 


AnrmslAnrms) %P 








me 1015 -.C%2 o OSS ey! 


s) -~.C36 =.025 .C¢C6 0173 
qT eG7T28 0652 20027 0301 
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C025 C18 2 °C9 CSE 
«C36 0625 .6005 ele 
074 052 20027 0778 
053 0045 62 0576 


G02 0016 .OCL2 0 COS 


00350 e020 20006 087 
~.1045 =-,.074 0055 0 797 
13 ©0862 062 .0038 eool 
15 =-.0215 =-.015 .6002 2029 


Notes Yhe filtering problems here are appreciably worse but 
with 5% distortion allowed and the expectation that extreme 
modulation will not be required, the synthesis renains 


acceptable. 
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Pic. 3 Output Stage for Twelve Step Yave 


“Yith the controlled rectifiers and tapped trausformer 
shown in Fig. 3, the desired wave form requires the follow 


ing switchins sequence: 


fime l1 2 38* 4 & G6 F 8 9* 16 11* 12 
Rectifier turn-on | ee ae ae Ce 3 - § u 
Rectifier turn-off 6 1 2 = 3 2 1 6 5 ~- A i) 
(* times variable by nulse width modulation’ 


Specifications for the Silicon Controllec=Nectivier 
state that a pulse with mininums of three volts, 80 milliamps, 
and two microseconds will serve as a turn-on vulse under the 
worst possible conditions. Therefore, as SCR drivers, a 
set of six blocking oscillators capable of delivering four 
volt, 100 ma., 15 microsecond pulses were contemolated. 4 
seventh, common turr-off driver will also be required. 
These drivers require @ pottern of trigrers as follows: 


6G 7 


O 






9 SALI 7&12) 1ltol2 
The digitel logic circuit designed to provide these 
triggers 18 shown in Fig. ¢. Essentially it is a four-stase 


binary counter (four fliv-fiops) and a diode matrix. This 


8) 
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counter utilizes feedback arranzed to cause a repetitive 
sequence of twelve counts. for laboratory testinp a series 
of 401) 8 yositive pulses from a pulse generator was substi- 
tuted for the crystal clock. All turn-on pulses to drivers 
are coincident with the trailing edges of the 20gis pulses, 
whereas turn-off pulses occur at their leading edges, thus 
ensuring that no SC turns on before the preceding one turns 
off. 

pefore committing this design concept to hardware it 
seemed advisable to construct and test actual circuitry for 
turning on and off the Silicon Controlled—Rectifiers; the 
manufacturers aoplication sheets furnishing only ‘suggested! 
circuits for these functions. 

fhe considerable difficulties in achieving satisfactory 
turn-on and turi-ofrf will be described in a later section. 
It will suffice to say here that the number of auxiliary com- 
nonents which anneared tote necessary, combined with the 
basic six SCA's, their «ix drivers, and the associated logic 
circuitry, (all to be tripled for a three phase system) 
strongly advocated a simpler wave synthesis with fewer com-— 
ponen Se ee 

It was decided to determine whether a single pair of SCR's, 
the seme number reguired to develop a square wave, could be 
utilized to produce a wave form with sufficient fundamenial 
sower to meet the 85% efficiency specification. The scheme 
eastern a "Four Step" or "Deleyed syuere wave" as 


snown in fig. 5. 








Fie. 5 “Delayed Syuare ‘ave" Synthesis 


A Fourier analysis of this waveform for each of tirce 


cases was made. The cases were: 
1. Yoninal supply voltage (28 v) case, where the posi- 
tive and negetive excursions have twice the curation 


of the zero-level, 'delay' period. 


2. Maximum suvply voltage case (30 v) where the vositive 
and negative excursions will be narrowed by one twen- 
ty~-fourth of a cycle ¢rom the 'Nominal' case. 

3. Minimum voltage (22 v) case where excursions ore 
widenec by one twenty fourth cycle. 


The calculations for the ‘Nominal! case and tie tabula- 


tion for all three cases are us follovss: 
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Percent of fotal Power in each Marmonic for each Case: 


Case 1 Case 2 Case 3 S WwW 





} GL.02 Sc .82 30.62 Sl. 

) c J. 04 8.9 
5) Bebd ved AAS Bei 
7 1.83 1.66 13 1.64 
g 0 l. 06 l, 
11 es) 0% fd Ol 
13 04 048 04 0485 
1S + 038 eae 036 


That vercentaze of total power which is available at the 
fundamental frequency in this waveform is considered suf si- 
cient to justify developing divital logic circuitry therefor. 
ine first »~roblem is ts determine the wave forms which rust 
be delivered to the three oulse width modulators and to de- 
vise @ scheme for obtaining them from the output of the clock. 
The frequency of the clock was set at 19.2 kilocycles (the 
48th harmonic of 4CC cycies) as there was a stable transis- 
torized circuit already available a> thet frequency; atso, 
that frequency is the product of 73,0 and a multiple of three, 
tous adapting it to a three=phase system. fhe crystal oscil- 
lator clock circuit shown in fig. 6 includes a standby LC 
oscill:t yr which automatically taxes over in case of failure, 
orovidins &® source of only slichtly less stability. 

As will be e:plained later, an SCO cycle waive trai: is 
required to synchronize cacn pulse width modulator.’ Thus, 


three such wyes differing in phase by 120 “esrees will be 


Ceveloped. These waves, relerred-to as X, Y, and Z, are 
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snow. in Pir. T with their corresponding inverta: 


ou snut, 
waveforms. 
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Yavefor: s for Synchronizing Pulse ° 


fidth 
and Corresjondin: 


Unitiltered Inverter Cutouts 


Nodilators 


The aovnroach to developing the neces ary iocic circuitry 
commences with writin, a ‘Truth Table’ listiny the binary 


© or 1 conditions for the three waves at one~sixth cycle inter- 
vels. This svacins is due to the fect that there is an 


event's; specilficelly, a rise or fail 


occurring every one- 
sinth of a cycle. 


This facet invlies thet an inynut to the pro= 
‘ { 
posed losic circuit having 


c 


frequency of six times 400, or 
4.5 KO, is required. 1is frequency is had hy two cascaded 


countdowm multivibrators (as shown in Fi: 


S)} followinz ¢’ 
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fFise & Countdown Vultivibrator 


fhe basic element to be used in the logic circ itry is 
& binary choice circuit, (0 or 1), or "flip-flop". To form 
the required six combinations of 0 and 1, 1%+ is necessary to 
form eight combinations and reject two of them. Further, 
some means of feedback between the various flip-flops is re- 
quired to establish and maintain the desired cyclic sequence. 
Three flip-flops are required as they produce binary combina- 
tions in numbers equal to that ‘power of two' represented by 
the number of flin-flops. 

A characteristic of the flip-flop is that 1% will remain 
in either the 0 (or 1} condition until a 1 (or C) input causes 
it to reverse. The truth table and a divitel logic circuit 


capable of producing the binary number combinations listed in 





that table are show in Fis. 9. 

Oneration of the logic circuit is @s follows: 4.8 KC 
clock pulses ‘enable’ all \, Y, end @ fend! circsits at 
every such pulsee Assume that the three flip-flops are 


initially in any one of cight combinations of conditions 


e:cent C50 and 111 (there being no instant when weaves i, Y¥, 


aud Z are all to be off or on}. 


TRUTH TABLE 





time xX Y Z 

6 Oo +t © 

/ / / co) 

2 / © Oo 

3 / ae / 

4 O ro / 

5 fe) / ‘<< 

6 Oo f O 

/ 4 of 6) 
Counted-down (Combinations ooo 
ClocK input 4.oke and I!1 rejected} 


Pic, 9 Mine Counser lock Diagram .nd Truth Table 


At the instant of the trailing edee of the first clock 
pulse to arrive, the flinp-rlonvs will assume whe next conbina— 
tion of states in the truth table, a:d so on, cyclically. In 
bie event siat the combination (000) evists initially, the 
Nand" and “inhibit circuits, snow: together at the lower left, 
function to set v» combi:c ion number 5, ie. (C11). If combina- 
;, 6 2 11) rae Fe ° ° Pally > ° ae 4 ree » 
vion (1lI1L} exists inivially, these circuits set un (CCl, 


then (0113, as before. 


A schematic of the 'Rinz Counter! (so called because of 


lo 





the fecdback errangenent and cyclic operation) is shown in 
Fig. 1, 

the three phase square waves 4, Y, aid Z are at 80c 
cycles and are aponlied to the Shree pulse width modulators. 
Additional divital logic circuitry wiil follow the pulse 
width modulators to ‘sort out' the tine-varyine pulses re- 
quired for trigeerins the drivers which gzte the Silicon Con- 
trolled-Rectifiers. This addivional logic will be described 
in the next section in conjunction with the development of 


two types ot nulse width riodnlator. 


17 





ae. 


YILNNOY INTE O91 4 


ZIDN\ Sovporp iW “SEENZT SIOBSISUDAD | ALY 


ir 
ci PUssges — une 


ce 


aAS\ 
A x 








iL (3 


pu 
0007 


ASY 
ACV 





‘ASI+ 





IV 


Voltage Revulation by Pulse Width Modulecion 


In the precedins section we saw that the erea under a 
stepped wave, and thus its effective voltage, could be vaericd 
by varying the width of the top step. Three=phase squire 
waves \, ¥Y, and Z are of constant frequercy as developed by 
clock and rine counter and thus do not nvrovide the required 
varivble width. fhe design of a@ variable nulse width modula- 
tor (P iti) which will prodvce a train of time-varying driver 
trigrer pulses from wives 4, Y, ond Z will be described in 
Lhis section. 

The basic orinciple first selected was that of keying a 
saturable-core siuare-weve oscillator from either \>» Y. or Z, 
then varyvins the width of its positive aud 1.ee.bive excursions 
by means of saturable reactors. The width veriation muss be 
symmetricel ewbout sore centrel point to mieintain accurate 
~ohase relationship between the three phises. 

A basic saturabdle-core squire wave oscillator is shown 
in Fic. tl. #ne principle of operntion is as follows: The 
Initial flow of current in the collector circui. of one tran= 
Ssistor exceeds that flowing in the other and unbela:-cec cur- 
rents flow in the two hclves of the transformer primarv. The 
eifect of the hei.vier current in one h.lf is to induce i: volt-= 
aeo in the other nalf in such a direction as to bias the more 
ne vily conducting transistor into even heavicr conduction, 
when axdnlied vic « sujtable resistor to its huse. Siml- 


teneously, a siznal of opposite phese is connected to the 
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Fig. 1! asic Seturable~Core Squire ‘Yave Oscillitor 


base of the more lightly conducting transistor ‘o further re- 
duce its conduction towords cut-off. Thuis action is regeneri~ 
: 
tive and continues unti! the trensformer core saturites ond 
the transformer c.n 10 longer maintain a risine collector cur- 
rent. At this time the currents reverse and the coiductins 
trensistor is cut off while the non<—conuvctiny unit is driven 
into conducvion, and so on. The resulling outnut wave at the 
secondary is essen ially syuare, wilh ca repetition raoie cepend= 
ing ons (#* supoly voltage, (b‘ inductance of the vrimary 
and, (c) verk collector curre:rt drawn by the co.ducting tron- 
Sistor. 

For purposes of desis, frrequency is controlled b vary- 
ine: (a) the number of primary turns, (b) transformer core 
area und material and, (c) the feedback current. 

The familiar princinle of synchronizing e nultivibrator 
by injection of c frequency slightly hivher chan its free run~ 
ning rate seemec feasible here, so the oscillator was desiced 
to run at slivhtly less than 806 cycles at a supnly voltage 


of fifteen volts. Iucidentally, this value of 15 volts wis 








arbitrarily selected as the output voltage of a regulated dc 
yower supply for all i'+ reyuirements within the inverter con- 
trol circuits. This choice was based or the ratings of the 
numerous transistors used and the lower limit of 22 volts to 
be expected from the primary power source. 

For preliminary experimentation the oscillator was allow 
eg to free-run during the development of the width modulation 
device. 

The width nodulation is to be provided by e@ pair of sat- 
urable reactors in series with the oscillator transformer sec~ 
ondary. The circuit d:sim for oscillator with width modulator 


is shown in Fig. le. 
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Fig. 12 Saturadvle-Core Oscillator with Width Modulatior: 
When zero current flows in the control windings of the 
saturable reactors, the transformer out rut si turates the re- 
actor cores cimost instantly and the waveform is essentially 


ureltered. As curre:t is iicreased via the '"Yidth' control, 
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a reverse biasing flux is set up in the reactor cores which 
must be overcome by the flow of square wave current in the 
load windings before the cores can be saturated. As a con= 
sequence, the leadi:g edges of the square waves are delayed 
as shown ot the right. 

As the leading edges of the resulting square waves will 
be differentiated to initiate pulses for trivesering the SCR 
drivers, a faust and clearly defined rise time is necessary. 
Unfortunately, the rise time in the original design was mcas- 
ured to be 34 microseconds; entirely too slow for the purpose. 
Two different reactor core materials were tried; Orthonol and 
HitiuSOQ, exch spirally wound of one mil tape. Rise time was 
essentially the same with both but was fast enough to serve 
as the input to a pair of push-pull switching transistors. 
These transistors are driven into saturation and give a rise 
time of two microseconds, 

The variation of square wave width was observed to be 
relatively linear as biasing current(width control) was var- 
ied, and symmetrical in the sense that the two output weve- 
forms were delayed the same amount. The battery and poten- 
tiometer used here for biasing the saturable reactors will be 
replaced in the final design by an input derived from an out- 
put—voltage error sensor. 

The next step was to synchronize the saturable core os= 
cillators by means of a scries of short=-duration pulses with 
an 800 cycle repetition rete. These nulses were supplied by 
test square-wave and pulse generators during laboratory de=- 
velopment but will ultimately be derived by differentiating 
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Fig. 13 Kagnetic Pulse Width Modulator 


SOO cycle syueare waves, \, Y, and Z from the rine counter. 

The method used wes to add a synchronizing winding to the 
core of the transformer whose primary forms part of the oscil- 
lator circuit. Synchronizing pulses are su plied to this 
winding via a transistor amolifier stuge. 

The final magnetic pulse width rodulator using the var- 
lable saturable reactor principle is siiown in Fis. 13. 

For the development of c@ sequence of four pulses which 
turn-on and turn-off the forward and reverse SCR's (via btheis 
drivers} to form the Pinal output wave, Cr ond Eire coun ted 
down to provide oe Aneel 9 G1. B. ; each containing alterni.te 
excursions of its parent wave form. Ser rig. 14. 

The logic circuitry for countinoe=dow of Craand Ce is 
very simple end is shown in Fis. 15. A 400i cycle square wave 
= and its complement 9 (180 degrees) sre used with Cy and @p 
&s inouts to four "ond" circuits in which both inputs rust 


be present sinultareously to vet an outnut. 
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Final Output, Unfiltered 


Fig.14 Wave Forms of Magnetic Pulse Width Modulator and Output 


Stage. 


X,Y,orzZ 





Fig.15 Digital Logic Separation Of Switching Pulses. 
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For the pur ose of detecting deviations of inverter out- 
put voltare from the cesired 115 volts end apolying & compen- 
satin: change of control windins curient to the PY, the am- 
nlifier circuit of Fiz. 16 was designed. Samplea 115 volt, 460 
cycle ac is rectifiec, filtered, and compsred at reduced volt- 
age to a zener-diode reference (1N429). fPransistor amplifiers 
very control winding currents in the saturable reactors of 
the Pt. i 

Adequate controi of output voltage was achieved when the 
loo» was closed but certain aspects of the magnetic pulse 
width modulator were not completely satisfectory. Some of 
these characteristics were as follovs: (a) instability of 
keying of saturable-core square-wave oscillators, (b) asym- 
metry of the umount of advance versus delay of ousput trigger 
pulses as the control cur.ent was varied, (c) excessive over 
consumed, (d) excessive bulk and weight, and (e) excessive 
care required in metching of cores @nd windings of saturible 
reactors. 

These drawbacks were not coisidered connleLely disquali- 
fying, but concurrent development of an all~transistor width 
modulator showed sufficient promise to indicate its further 
investigation vrior to attemptiny to improve the mametic PWM. 

The experimental circuit sown in Fis. 17 receives an 8"() 
cycle square wave (%, Y, or Z) directly from the ring counter 
and integrates it into @ very linear and symmetrical sawtooth 
wave. This sawtooth wave is ap>lied to one of a nair of 
transistors (271036). To the second transistor of the nair, 
a® variable de level is applied. When the rising and falline 
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sawtooth voltare transits this variable de level, @ square 
mise (straddling the sawtooth neak) is developed. Properly 
aifferentiated and subjected to the digital logic manipula- 
tion show, the edges of this pulse serve as the trigger 
nuises for the output stage drivers. 

The finel circuit and its waveforms are shown in Fig. 18. 
It will be noted that a part of the digital logic circvitry in- 
dicated in "iv. 17 has been incorporated in this circuit. Phe 
remainder will apvsear in the output driver stage, or Blocking= 
Oscillator Driver, to be developed in the following section. 

The dc feedback amplifier to be used with this transis- 


1 


torized PYii is shown in Fiz. 18. Upon completion of this new 
transistorized version of the Pil’, it was coupled to an output 
stase and feedback amolifier and the loon closed. Oscillation 
of the loop resnlte. for the first few trinis, but it was 
2ossible to vars the loop transfer function by cor:nonert 
chenzes and tius obteii stable oneration. 

Resulation of inve.ter ontput voltage by this latter 


system proves to be linear over a generous range of sun nly- 


volbave and load variations. 
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Fis.18 Trensistorized Pulse Width Modulator ond Wave Forms, 7 
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Power Switching by Silicon Controlled=Rectificrs 


The germenium vover trensistors used as switches in the 
commercial inverter tested in the early stages of this project 
were @ serious source of power loss. At the heavy current 
flows encountered, appreciable power wes dissipated in these 

/ 
transistors in spite of their low forward resistance. Other 
disadvantevres are their need for considerable base drive power 
and their unfavorable temperature characteristic. 

Ai. attractive replacemei::t for these transistors is the 
Silicon Controlled-Rectifier (SCX) announced during 1958 by 
General Blectric. This is o four layer (pnpn), three junction, 
solid state device capable of perforriing many of the tasks of 
thyratrons and macnetic amplifiers. 

Essentially the SCR is an ordinary silicon rectifier mod— 

: 
ificc to block in the forward direction until ao small simal 
is applied to its gate lead. After this signal is applied, 
the SCi? cenducts with forward characteristics sinilar to 
those or en ordinary rectificr end coxtinues conduction after 
the signal is removed. The forward voltage drop is about 10% 
of that of a thyratron and its ‘'deionization! time is less by 
several orders of magnitude. 

The theory of operation of the SC is best described by 
considering 16 as a PNP end an NPN transistor pair with a 
common collector junction, {<«) and (») in Pig. 206. In 


transistor (2) Cx,is that fraction of 'hole' current injected 


3] 








Fig. 20 Principles of Sch Cnerntion 


at the emitter ©, which reaches the collector Clea Sinilerly, 
in (b) Of, is the fraction of electron curre:t injected at ©, 
which reaches Cy « The total current flowing in the pnpn 
structure is the sum of currents flowinsy in the individual 
vroansistor sections. The current crossing junction ue has 
three comoneniss Fy = hole curveni from P e:d region, Lu, = 
electron cuirent from &% end region, and ILS = leakage current. 
Since the totel current at J, must be equal to the external 
current (I), a slight rearrangement shows that external cur- 


rent (J} is equal to : diye 





If the valves of CX, ard Cf, are such that their sum is 0.9, 


then the current flowing is ten times the leakave current. 


As the lLeakase current in a silicon pn junction can be made 
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very small, the total current will also he small and we have 
the '‘off' condition of the SC. Nowever, if KX, +A. 1 
the denominator is almost zero, the current is limited only 
by the external circuit, and the ‘on' condition esists. Physi- 
cally, in the ‘on’ condition the two center regions of the 
SCR are saturated with carriers; civing all three junctions 
forward bieses. Sience, tie entire potential dro» across the 
SCR is about that of one forward—biased pn rectifier. 
there cre two mechanisms that may be used to increase 
the X's of the comoonent junction triunsistors in order to 
turn on the SCR. These mecntnisms are shown in Fig. 21. She 
current sain{ OC) increases slightly as the collector to emitter 
voltage ( Veglis increased, until a voltage is reached where 
the energy of carriers arriving at the collector pn boundcry 
is sufficiert to dislodve additionel carriers; produciny a 
form of avalanche breakdown analogous to a Townsend discherse 
in geeses. This causes an increase in CA with voltace increase 
ngs shown in Fig. 21 (i). In tynvicel silicon trensistors & 
is quite low at low emitter: currents but increases fairly 
rapidly «es emitter current( Le ) is increased. (Pig. 21 b). 
Both methods for increasing O& may be used to turn on the SCR; 
the former by increasing anode to cathode voltage, the latter 
by introducing current at one of the beses (transistor action’. 
Piv. 22 shows typical vol tage/current characteristics 
and operatins regions of the SCR. In the forwird-blocki: ¢ 
region increasing forward voltage docs not tend +o increase 


current until the cioint is reached where avalanche multirli- 
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Fig.2l Functional Characteristics of Silicon Controlled-Rectifier 
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Fig.22 Operational Characteristics of Silicon Controlled-Rectifier 


+I. 
/ 1g 
yteq>les 7 Tov 12 Ty 20 
a +v 
=/ 


Fig.23 Typical Operation of Silicon Controlled=-Rectifier 
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ciation bevins to tuke place. Beyond this point current in- 
cre.ses ranidly until total current through the device is 
sufficiens to maintain the sum of the O's equal to, or gresnte 
er than, one. At this point the SCR goes into the hish con- 
duction region; provided that current through it remains above 
the minimum ‘holding! vilue. If current drops below the 
‘holding! level the SCR reverts to the forward blocking 
retion. In the reverse direction the SCR hes essentially two 
back-biased p. junctions in series and thus has characteris- 
tics similor to those of back-biased silicon rectifiers. For 
increasing values of gate current, the region of characteris- 
tics between 'forward=—blocking' and ‘'holdins-current' is nar- 
rowed and forward=-breckover voltase is reduced down to a noint 
where the entire forward—blocking region disanvears. At this 
point the voltage/cur:ent charc.cteristics of the SCR are mere- 
ly those of a on rectifier. Fis. 23 illustrites the co:.i- 
tions for severel values of gate current. 

In typicel operation the SC is biased well below forw. rd- 
breekover voltege. Triggering 1s «accomplished by injecting 
currei & into the ‘sate’ lead which increases current flow 
throush tie device by transistor action. Soth alpha's ere in- 
creased, being current sensitive. 

fiy Mroper design it is possible to make the sum of the 
wlohe 's ¢re.ter then one by increasing the crrrent throuch 
tne gate .y & small arount. This lowers the breakover volt= 
age below that impressed cross the device, thus cllowins the 


use of a hisher forward breakover volt:.ce thun would normally 





be e:t.countered in bhe circuit, wend the use of only moderate 
trigever vower to start the high-conaduction mode. Again, when 
ne gate nas trigsered the SCR into hich conducvion, turn-off 
can onl, be achieved by reducing main current below the hold- 
ing curre: t level. 

The vate—catnode voltaze/current cheracteristics are 
those of a forward biesed pn junction diode. Since the ir- 
crease of alpha is achieved vy ev inerease of current, this 
2s a 'curre:tetrievered' device, aS contrasted to the volt= 
ave-trigsered gas thyretror; thun @ low impedance source for 
brigveering must be used. | : 

From the specifications of the various tynes of SCP 
available, the Type U35\ was selected as beings adequate for 
the switching problem at hand. Cd. rati.¢s of most interest 
ares {a} averese forward curre:t: © to 16 amps, (&) veak Ine 
verse Voltage: 10¢ volts, (c} maximum cate voltage ond current 
to fire: 3 volts ard 25 ma., (d} averaze vate power: .5 watts, 
(ce: tynice? turi-on aud turn-off times: 1 to 4.5 MA sec. and 
18 to 26 Mi sec., res .ectively. 

Turn-on wises must have a duration sufficient to allow 
anode current to build ny to the holding curre.t level and 
are simoly obtained with a blocking oscillator. furn-oif 
pulses are a more serious preblem, 1% being necessecry to re- 
duce anode voltage to zero, or even to @ nepative value, for 
a considerabl- longer time. When the SCR is in the conduct-— 
ine state, exc!: of the three junctions cre in « condicion of 
forward bias and the twvo base regions are heavily saturated 
with holes and clectrons (stored charze’. 
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Fig. 24 SCr Biased in Conducting State 


Minimum turn-off requires apnlication of a reverse voli- 
ace which causes holes and electrois in the vicinivy of end 
junctions Jy and Jo (see Fig. 24) to mcenee to the junctions, 
resulting in a reverse current in the exte:nel circuit. the 
voltage across the SCR will remain at about +°.7 volts as long 
2s an appreciable reveise current flows. After the holes and 
electrons in the vicinity of J, and Ja have been removed, the 
reverse curreut will cease end Ji and J. will assume a blocking 
state. fhe reverse voltage across tne SCH will then increase 
to a velue determined by the external circnit. Recovery of 
tre SCR is still not complete since a@ high concentration of 
holes and electrons still exists in the vicinity of Joy 4 
Pais concentration cecreases by the process of recombination 
in amenne: lorvely indenendent of e:ternal Lias conditions. 
‘Yhen it reaches a low value, ¥, regiins the blocking state 
and forward voltages, if less tnan the forward-breakover value, 
may be anplied without causing turn-on. 

furn-off circuits suggested by the menufacturer included 
shunt and series capacitor turnoff circuits and a shunt tran- 


Sistor turnoff. Of these, the shunt canacivor turrnorf, shown 
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Shunt Capacitor furn-off Circuit 
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in simnolified form in Fiz. 25, seemed best adapted. 

“hile the SCh is in the conducting state, source vol tave 
V avvears across the load and charges capacitor C through re- 
sistor Rh so that the rivcht side of C is »ositive with resvect 
to the anode. ‘“Vhen turn-off is desired, switch S is momentari- 
ly closed, coniuecting the vositive terminal of C to the cath- 
ode. fhis reverse biases the SCR and diverts load current 
Longe enouch for the SCR to regain the forward blocking state. 
With resistive loeds J] reacres zero xs soon as tie voltacse on 
C has reversed and reached the supply level. The Lit network 
in series with © limits reverse recover, current throuch the 
SCR to reasonavle levels without inducing iscessive voltage 
unon recovery. Tu @ practicel circuit S$ is replaced by a:s- 
other Scr. 

A complete output stave for one phase was assembled in- 
cludins two switching SC2's, a center-btapped transformer, and 
the associated surm—on and turncoff (shuni capacitor tyne) 
circuitry. ~Lestins revealed tnat transiei ts due to switching 


+ 


of either SCR adversely uffected the runctioiing of the othor 


and that turn-off wes not sufficiently reliable. .i:. immroved 
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Circult shown im Fiy. 23 incoroor. tes tie rfoliowing added 
features: (a increased energy availoble for tur:.-off; 

eoined by use of resonan, charzine of the shunt turn-off cir- 
cuit, (b' limiting of the core resetting surve, and, (c} coup— 
ling of tern-on and turn-off vulses from senarate drivers via 


ouise transformers. 
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Fig. 26 Experimental Ouuput Stage 


fhe sequence of oneratio:. of one side of this output 
stace commences with a short pulse, via puise transformer Pr 
applied to the gate of main-switching SCR1l to turn it on.Due 
to the low resistance of SCR1 while conducting,!+ appears 


across the right half of the output transformer primary sup- 


plying the load and ¢eharging turn-off capacitor C) 
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Cc, cherges to 2B+ by resonant charging in series with inductor 


L, and diode DD, 


open to hold the charge on C 


and turn-off rectifier SCR3 effectively 


until e turn-off pulse viaPT 


1 a 


fires SCR3 ,thus providing a low resistance path fron Cc, to 


SCR1.The charge on C,reverse biases SCR1 until it regains 


1 
the forward blocking state.The left side of the circuit 
functions in a similar manner to form the opposite excursion 
of the desired delayed square wave output.It is to be noted 
that the value of 10 mfd.for C, ond C,exceeds the calculated 
minimum value for adequate reverse biasing. This added measure 
of safety is desired to preclude the possibility of both main 
switching rectifiers firing at the same time. 

Reliability of turn-on and turn-off of this circuit was 
found to be excellent under fixed load but suffered when the 
loed was varied over the 10 to 100% range.To solve this prob= 
lem the inducbor in the resonant cherging circuit was placed 
on the same core with a winding in series with the output 
transformer primary.Now, by autotranformer action, the charge 
on the turn-off capacitor automatically adjusts to varying 
loads and provides the extra energy required to achieve turn=* 


off when the main SCR is conducting heavily.Diodes D,and D 


1 2 


were replaced by ‘charging’ rectifiers(SCR5 and 6).These new 
SCR's are provided with their own isolated gating pulses from 
the blocking oscillator drivers. 


The final output stage is shown in Fig.27. At time t, 


SCR's 1 and 5 turn on3SCR5 turns off when C, becomes charged. 


1 
At ty SCR3 turns on,allowing charge on C 
40 


1 to back-bias SCRl 
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Fic.27 Single Phase Output Stage 


and turn it off; SCR3 turns off when cy has discharged.At 


t, and t, SCR's 2,4,and 6 function in a similar sequence 
to form the negative excursion of the wave. 

Interposed. between the pulse width modulator and the out- 
put stage are two blocking oscillator drivers,one of which is 


shown in Fig.28.Th$se drivers receive outputs one and two from 


the PWM's and generate the turn-on,turn-off,and turn-off cir- 


cuit charging pulses required by the output stage. 
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Fig. 29 Output Filter 


Filtering of the delayed square-wave from the output 
stage is performed by the filter shown in Fig. 29. 

A complete single-phase system including clock, ring 
counter, pulse width nodqulator, blocking oscillator drivers, 
output stage, filter, and feedback amplifier was essembled and 
tested for efficiency. Results are shown in the following 


table and in Fis. 3°.: 


‘ Load R Load V Gut P Out P In P Loss 
114.3 
115.2 
114.9 
114 
114.5 





11S 
115.6 
114.6 
114.9 
115 
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Fige 30 Curves of Efficiency and Power Loss Versus Load 


Efficiency attained remains below the specified 85%. 
Some improvement may be made by optimizing various component 
values but the main source of loss is believed to be due ‘2 
a failure to achieve the delayed square wave form, @s shown 
in the waveforms in Fig. 31. The waveform at the outmt 
transformer secondary should resemble the delayed squere wave 
very closely in order to achieve the efficiencies found by 
Fourier enelysis. Note that this waveform is worse at low 


load. 
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Fig. 32 Short Circuit Protecticn Circuit 


Desien specificetions require that the inverter be vro- 
tected against short circuits on any one, two, or all, phases. 
4. logical apyroach to this problem is to utilize the features 
of the existing pulse width modulator. This may be done by 
injecting an overriding signal from an overload current sensor 
into the PWM to cause a quick shift to the minimum pulse width 
state. Output current is thus limited to a level which pre-’ 
vents damage to any component but the inverter stays ‘alive'; 
ready to resume operation when the short is removed. 

The best sampling point for load current is the lead to 
the output transformer center tap. Use of a dropping re- 
sistor as a sensor would entail power dissipation. The device 
used here is somewhat similar to @ current transformer for ac 


cumeters. A small saturable toroidel core is slipped over 
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the center-tap lead. Through a coil on this core is passed a 
20 KC square wave from a small] transistorized oscillator. As 
the direct current through the center-tap lead increases, the 
flux in the sensor, and thus its impedance, varies. The drop 
across a resistor in series with the sensor winding is compar- 
ed with a fixed voltage level representing some predetermined 
overload current (15 amps here}. When this level is exceeded 
in e@eny one or more phases, all Pulse Width :odulators receive 
on input which overrides the normal voltage regulation signals 
and cause their immediate shift to the minimum pulse width 


condition. This circuit is shom in Fig. 32. 
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Conclusions 


Although the authors Industrial Experience Tour ended 
before completion of this design nroject, the main operating 
principles have been adequately proven and many of the circuits 
established in their final form. It is the opinion of the 
author that desim syvecifrications will be met and that the 
completed device will represent @ significant advancement 
over similar inverters now available. 

It is the current feeling in the design sroup that the 
delayed square wave synthesis of a sine wave will have to be 


abendoned in favor of an eight step waveform as shown in Fic. 


2S - 
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Fig. J3 Bight Step Wave Syntheses 


This wave eliminates the periods when no SCR is firins 
and thus presents a more nearly constant impedance to the 
filter. Also, it is a closer representation of a Sine reve, 
having less harmonic content to be lost in filterins. 


An increase in the number of comvonents and in circuit 
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complexity will ensue, unfortunately, but not to the extent 
that existed in the early twelve~-step wive. 

An overall block diagram of the inverter in its present 
state of development is show in Fivy. 34. Discussion of the 
input filter and resulated +15 volt control—circuit vower sup— 
ply heave been omitted due to their relatively conventionel de- 


sion. 


— 
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